A serinethreonine protein kinase, WNK4, reduces Na ϩ reabsorption and K ϩ secretion in the distal convoluted tubule by reducing trafficking of the thiazide-sensitive Na-Cl cotransporter to and enhancing renal outer medullary potassium channel retrieval from the apical membrane. Epithelial sodium channels (ENaC) in the distal nephron also play a role in regulating Na ϩ reabsorption and are also regulated by WNK4, but the mechanism is unclear. In A6 distal nephron cells, transepithelial current measurement and single channel recording show that WNK4 inhibits ENaC activity. Analysis of the number of channel per patch shows that WNK4 reduces channel number but has no effect on channel open probability. Western blots of apical and total ENaC provide additional evidence that WNK4 reduces apical as well as total ENaC expression. WNK4 enhances ENaC internalization independent of Nedd4-2-mediated ENaC ubiquitination. WNK4 also reduced the amount of ENaC available for recycling but has no effect on the rate of transepithelial current increase to forskolin. In contrast, Nedd4-2 not only reduced ENaC in the recycling pool but also decreased the rate of increase of current after forskolin. WNK4 associates with wild-type as well as Liddle's mutated ENaC, and WNK4 reduces both wild-type and mutated ENaC expressed in HEK293 cells.
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WNK4; ENaC; Nedd4-2; ubiquitination EPITHELIAL NA CHANNELS (ENaC) are channels located in the apical membrane that are found primarily in the polarized epithelia in distal nephron, lung, distal colon, and a few other organs. In the distal nephron, the activity of ENaC is rate limiting for Na ϩ reabsorption (19, 31) ; therefore, ENaC activity is critical in the physiological maintenance of systematic Na ϩ homeostasis and the control of long-term blood pressure. ENaC is composed of three subunits, ␣, ␤, and ␥, and its activity is regulated by either changing channel surface expression or channel gating (4, 7, 37, 42, 43) . ENaC surface expression is mainly regulated by the two natriferic hormones, vasopressin and aldosterone. Vasopressin-induced c-AMP/PKA signaling stimulates ENaC surface insertion from a recycling pool (4, 36) . Aldosterone stimulates ENaC activity in several ways, one of which is through an increase in SGK1 expression, which prevents Nedd4-2-mediated ENaC internalization, thereby increasing the surface density of functional ENaC (13, 28, 59) . Mutations of the C terminus of ␤-and ␥-ENaC at their PPxY motif prevent Nedd4-2 binding and result in a decrease in ENaC internalization from the surface and lead to Liddle's syndrome, a disease characterized by hypertension and hypokalemia (22, 50) . However, there are reports that aldosterone and SGK1 stimulate ENaC independently of Nedd4-2, i.e., ENaC in Liddle's syndrome mice retain the ability to respond, at least partially, to aldosterone (3, 12) .
Recently, a unique family of serine-threonine protein kinases known as WNKs [with no lysine (K) kinases] have been implicated in controlling the ionic permeability of epithelial tissues. Two members of the family, WNK1 and WNK4, are genetically linked to a rare type of hypertension, pseudohypoaldosteronism type 2 (PHA2), a disease characterized by hypertension, hyperkalemia, and metabolic acidosis (29, 53) . WNK kinases constitute a novel signaling pathway, but one that appears to be modulated by aldosterone in its overall role of regulating electrolyte homeostasis. Both WNK1 and WNK4 are associated with SGK1; WNK1 can phosphorylate and activate SGK1 and therefore stimulate ENaC activity (9, 54) , while WNK4 and SGK1 are able to phosphorylate each other (24, 46) . WNK kinases act at two sites in the nephron to regulate electrolyte balance: on Na-Cl cotransporter (NCC) and potassium channels in the apical membrane of the distal convoluted tubule (34, 40) and on ENaC and potassium channels in the connecting tubule and collecting duct (2, 17, 54) . However, there have been contrary reports about the effects of WNK4 on ENaC activity. When WNK4 was coexpressed with ENaC in Xenopus oocytes, it strongly inhibits ENaC activity and this inhibition was eliminated when WNK4 is mutated to WNK4 S1169D , which mimics the phosphorylation produced by SGK1 (45, 46) . However, similar to other WNKs, WNK4 increases the amiloride-sensitive Na current when it was coexpressed with ENaC in HEK 293 cells (24) . These contrary observations led us to explore the effect of WNK4 on endogenously expressed ENaC function as well as the mechanism by which WNK4 regulates ENaC. We have found that WNK4 decreases ENaC activity and surface expression in A6 cells. In addition, we show that WNK4 reduces ENaC expression independent of Nedd4-2-mediated ENaC ubiqutination.
EXPERIMENTAL PROCEDURES
Plasmids. Human wild-type WNK4 in pCMV-Myc vector was previously generated (5, 60) . For patch-clamp recordings, the myctagged WNK4 was subcloned into one cloning site of the pIRES-GFP vector (biscistronic vector containing GFP reporter gene at one locus; Clontech). Human wild-type as well as PY-motif-mutated ENaC were kind gifts from Dr. Peter M. Snyder at the University of Iowa, and both wild-type and mutated ␣-, ␤-, and ␥-ENaC subunits were subcloned into the p3XFLAG-CMV vector (Sigma-Aldrich) with flag fused at the N terminus of these genes.
Cell cultural and transfection. 2F3 subclone of A6 cells (obtained from Dr. Dale Benos, University of Alabama) were maintained in plastic tissue culture flasks using standard tissue culture techniques and seeded on permeable supports (Transwell polyester membrane with a pore size of 0.4 m; Nalge Nunc) as described previously (57) . All experiments were performed on cells between passages 100 and 115. For permanent gene transfection, 2F3 cells were seeded in 100-mm tissue-culture petri-dishes, and at 70% confluency, 10 g of pIRES-GFP (as control), pIRES-GFP-WNK4, or pIRES-RFPNedd4-2 were transfected by using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Twenty-four hours after transfection, 1 mg/ml of G418 was added to select for Neomycin-resistant cells. For transient gene expression, A6 cells were seeded onto 12 mm ϫ 12 or 24 mm ϫ 6 permeable polyester inserts and at 90% confluency were transfected with 10 g of plasmid DNA. To overcome the low level of gene expression in A6 cells, cells used for protein biochemistry assay or transepithelial current measurement were double transfected (transient expression after cells were subjected to selection pressure). For HEK293 cells, cell culture and ENaC gene expression were performed by the same method as Zhou et al. (59) . To prevent overloading the cells with sodium, 6 h after ENaC gene expression, 4 M amiloride were included in the cell cultural medium until cells were lysed.
Biotinylation. Four days after cells reached confluency on permeable supports, the apical side of A6 cells was labeled with 0.5 mg/ml sulfo-NHS-biotin (Pierce Chemical) in borate buffer (85 mM NaCl, 4 mM KCl, and 15 mM Na 2B4O7, pH 9.0) for 2 ϫ 20 min on ice. Afterwards cells were quenched with 100 mM glycine in PBS for 10 min and lysed in RIPA buffer (PBS with 0.1% SDS, 1% Nonidet P-40, and 0.5% sodium deoxycholate) containing protease inhibitor cocktail (100 M leupeptin, 1 mM phenylmethylsulfonyl fluoride, 100 M antipain, 100 M 1-chloro-3-tosylamido-7-amino-2-heptanone, and 100 M L-1-tosylamido-2-phenylethyl chloromethyl ketone). Biotinylated proteins were isolated by incubating cell lysate with immobilized NeutrAvidin beads (Pierce) overnight at 4°C with the amount of beads being adjusted to ensure complete recovery of all biotinylated proteins.
Coimmunoprecipitation. Plasmids containing different relevant proteins were transfected into HEK 293 cells. Forty-eight hours after transfection, HEK cells were solubilized in buffer (150 mM NaCl and 50 mM Tris, pH 7.4) containing 1% Triton X-100 and protease inhibitor cocktail. When a monoclonal antibody was used for immunoprecipitation, protein G beads were used to precipitate the protein complex; when polyclonal antibody was used for immunoprecipitation, protein A beads were used. The amount of antibody and beads was adjusted for complete precipitation of the target proteins.
Real-time PCR. Total RNA from A6 cells transfected with empty vector or WNK4 was extracted by Trizol reagent (GIBCO-BRL, Life Technologies), 5 g of total RNA were converted to cDNA by QuantiTect reverse transcription kit (Qiagen), and real-time PCR was carried out with QuantiTect SYBR Green PCR kit (Qiagen) on 7500 fast system SDS fostware (Applied Biosystem). Primers of sense and anti-sense for ␣-ENaC were GGGGAACAACTGGAGAACTTCA and TGGAGGTCTCCATCCCGG; for ␤-ENaC were TGGAGCA-CATGGAGGCCC and CCTGATGGCAACCGAGTCTC; for ␥-ENaC were LTATGGGCGGAGCAGAAT and GGCTTGGGTTGGTCATA-ATGAG; and GAPDH was used to normalize the signals. The results of two independent experiments each with three repeats were analyzed and expression levels calculated by ⌬⌬C t method.
Western blot and quantification. Following standard methods for SDS-PAGE, proteins were transferred to PVDF membranes and probed with specific antibodies. Luminescence of Western blot signals was detected by the Kodak Gel logic 2000 Imaging system, and protein quantification was quantified by the Carestream MI program. Equal loading for total cellular ENaC subunit protein was confirmed by the amount of actin on the same Western blot, and the relative inhibition of WNK4 on ENaC expression was statistical tested by one-sample two-tailed z-test.
Antibody verification. Polyclonal antibodies against Xenopus ␤-ENaC were kind gift from the laboratory of J. P Johnson (47) , and ␣-and ␥-ENaC were raised in rabbits using synthetic peptides derived from amino acid sequence 137 CIPNNQRVKRDRA-GLPYLLELLP-PGS 161 and 600 CVDNPICLGEEDPPTFNSALQLPQSQDSHVPRTP-PPKYNTLRIQSAF 647 , respectively. The specificity of these antibodies were further verified by expressing ENaC genes in HEK 293 cell, using anti ␣-and ␥-ENaC antigen peptide competition, and expressing Nedd4-2 in A6 to reduce ENaC expression (Fig. 1) . Anti-Nedd4-2 polyclonal antibody was purchased from (Abcam). Anti-myc, antiflag, and anti-HA monoclonal antibodies are from (Sigma-Aldrich). Anti-2 antibody was a kind gift from Dr. Guanping Chen at Emory University School of Medicine (25) .
ENaC function detection and data analysis. To examine the effect of WNK4 on ENaC trafficking, 1 M brefeldin A (BFA) or 5 M forskolin (FSK) was applied 4 days after gene transfection, and the drug removal was achieved in Ͻ30 s by washing cells three times with cell culture medium. Transepithelial current was measured by EVOM (World Precision Instruments) at different times after drug treatment, and at the end of measurement 10 M of amiloride were added to determine amiloride sensitive Na current. The current/unit area was calculated as: I ϭ [(V)/(R)]/filter area in centimeters squared, where I is current, V is voltage, and R is resistance. Transepithelial current measured at different time after BFA treatment was fitted as an exponential decrease, and the log of the current decline was plotted against the time of BFA exposure. Transepithelial current measured at different times after FSK treatment or wash out was fitted as an exponential growth or decay and the best-fit curve was superimposed on averaged data. A t-test was used to determine significant differences in the time constants in WNK4-expressing or control cells.
Patch-clamp single channel recording from A6 cells grown on permeable supports and data analysis were performed as previously described (57) . WNK4 expression inhibits amiloride-sensitive transepithelial current in 2F3 cells: 2F3 cells were transfected with a selectable, myc-tagged WNK4 construct when they were ϳ70% confluent and then selected for WNK4 expression in the cell culture mediumuntil they were ϳ90 -95% confluent at which time they were transfected a second time. A: c-myctagged WNK4 was detected by Western blot at 180 kDa in these cells with an anti-c-myc antibody. B: transepithelial voltage and resistance were measured by EVOM (WPI) from control (Ctrl) and WNK4 doubly transfected cells at 4 or 5 days after confluency, and transepithelial current is calculated using Ohm's law. ***P Ͻ 0.01.
RESULTS

WNK4 inhibits endogenous ENaC activity in A6 cells.
We examined the effect of WNK4 on endogenous ENaC in 2F3 cells; a subclone of A6 cell originating from the distal nephron of Xenopus leavis. The effect of WNK4 on ENaC activity was first examined by measuring its effect on the amiloride-sensitive, transepithelial current, which composes 90 -95% of the total transepithelial current in these cells. Since transient expression of transfected genes is very inefficient in epithelial cells (ϳ20% in A6 cell), we increased the efficiency by transfecting cells with a WNK4 construct containing a selectable marker. After selecting for WNK4-containing cells for several days, we transiently transfected cells a second time. The c-myc-tagged WNK4 expressed in A6 cells can be detected in Western blots with anti-myc antibody in the doubly transfected cells, and WNK4 reduced the amiloride-sensitive current by ϳ30% compared with mock-transfected cells, (Fig.  1, A and B) . Since the transepithelial current is calculated from transepithelial voltage and resistance, the value may be influenced by transepithelial resistance, tight junctional permeability, or the amiloride-sensitive Na/H transporter expressed at the basolateral side of epithelial cells (16, 21, 33) . Therefore, to directly measure effect of WNK4 on ENaC activity in these cells, we used patch-clamp recordings to measure single channel activity in control and WNK4-expressing cells. Figure 2 shows single channel activity recorded from cells grown on permeable supports expressing control pIRES-GFP vector (bicistronic vector containing GFP reporter gene at one locus) or pIRES-GFP with WNK4 inserted at the second locus. Figure  2A (38) , NP o can be separated into N and P o with the degree of certainty dependent mostly on the total length of recording period and to a lesser extent on P o . In general, if the P o is between 0.1 and 0.9, and the recording period is near 10 min, N and P o can be determined with ϳ95% confidence. We recorded each patch for 8 -10 min, and the channel N within a patch was counted based on the maximum number of unitary current levels during the recording. Average channel N for control is 4.29 Ϯ 0.42 (n ϭ 35) and for WNK4-expressing cells is 2.55 Ϯ 0.41 (n ϭ 39; P Ͻ 0.01), which is ϳ60% of the control (Fig. 2C ). We calculated P o by dividing NP o by N in cells with active channels. Average P o for control and for WNK4-expressing cells is similar, 0.16 Ϯ 0.02 (n ϭ 33) vs. 0.15 Ϯ 0.02 (n ϭ 26), respectively, (Fig. 2D ). These results demonstrated that WNK4 inhibits ENaC activity by reducing the active channel number at the apical membrane but has no effect on channel open probability.
WNK4 reduces the total amount of cellular ENaC as well as ENaC in the apical membrane of A6 cells. Mature functional
ENaC at the apical membrane undergoes several posttranslational modifications; these modifications convert ENaC from low activity forms into high activity forms (7, 14, 26, 27, 49) . Our single channel recordings indicate that WNK4 reduces active channel number at the apical membrane, but it is not certain whether this reduction is due to WNK4-mediated impairment of ENaC posttranslational maturation or due to WNK4-mediated reduction in ENaC surface expression. Based on the mechanism of WNK4-mediated inhibition of NCC and renal outer medullary K ϩ channel (ROMK), it is likely that WNK4 reduces ENaC surface expression.
We first verified the specificity of our anti-xENaC antibodies. Figure 3A shows that, in A6 cells, three bands for ␣-subunit and two bands for ␥-subunit were eliminated in the presence of competing antigenic peptides to which these antibodies were raised. Figure 3B shows that when all three ENaC subunits, ␣, ␤, and ␥, are expressed together in HEK293 cells, individual subunits can be detected by our subunit specific antibodies. The ability of these antibodies to detect ENaC subunits was further demonstrated after Nedd4-2 was coexpressed with xENaC subunits. Nedd4-2 is usually thought to reduce amounts of ENaC in cells, and, in fact, Nedd4-2 expression reduces the expression of each ENaC subunit (Fig. 3C) .
To investigate the effect of WNK4 on surface expression of ENaC, we compared ENaC surface expression in control vs. WNK4-expressing cells. A6 cells were apically biotinylated with membrane-impermeable EZ-link sulfo-NHS-SS-biotin 4 days after cells reached confluency, and the biotinylated proteins were recovered by neutravidin beads and detected in Western blot by antibodies specific to each subunit of Xenopus ENaC. Figure 4 , A and B, shows Western blots and the quantification of biotinylated ENaC in control or WNK4-expressing A6 cells. The dashed line in this figure is the relative amount of ENaC in control cells expressing empty vector. The relative expression level of each ENaC subunit at molecular masses ϳ80 kDa was quantified from 6 to 8 independent experiments by Carestream MI software (Kodak), and the inhibitory effect of WNK4 on each subunit was statistically tested by a one-sample two-tailed z-test. The z-values for all three subunits tested are larger than 3 with P Ͻ 0.01, indicating that WNK4 significantly inhibits each subunit expressed at the apical membrane of A6 cells. We also compared the total amount of ENaC in control and WNK4-expressing cells; densitometry quantification followed by z-tests shows that WNK4 significantly reduces the relative total amount of each subunit as well (with z Ͼ 4.0 and P Ͻ 0.01; Fig. 4, C and D) . As we showed in Fig. 1 , there are multiple bands for each ENaC subunit in A6 cells, three for ␣-ENaC, two for ␤-ENaC, and two doublets for ␥-ENaC. The expression level of all these bands were reduced in WNK4-expressing cells.
Although WNK4 has been reported to reduce NCC and ROMK protein levels by regulating their trafficking, there is no specific information about whether WNK4 might also have an effect on gene transcription. To examine whether WNK4 affects ENaC gene expression, we performed real-time PCR to compare the mRNA level of each ENaC subunit in control vs. WNK4-expressing cells. ⌬⌬C t for ␣-, ␤-, and ␥-subunit is 0.49 Ϯ 0.06, 0.59 Ϯ 0.12, and 0.8 Ϯ 0.27, respectively. This result implies that WNK4 slightly inhibits ENaC gene expression.
WNK4 enhances ENaC internalization. WNK4 inhibits both NCC and ROMK surface expression but by different mechanisms. WNK4 reduces NCC surface delivery by inhibiting its forward trafficking, i.e., insertion (51), but reduces ROMK surface expression by enhancing channel retrieval (23) . Our patch-clamp recording and Western blot results show that WNK4 reduces endogenous ENaC surface expression in A6 cells. The net reduction in ENaC surface expression could be due to either WNK4 enhancing the rate of ENaC internalization or reducing its delivery to the apical membrane or a combination of both. BFA selectively and reversibly blocks plasma membrane protein delivery from the biosynthetic pathway to the cell surface (11, 15, 41) ; therefore, the rate of reduction in ENaC current after BFA is a measure of the rate of retrieval of ENaC from the surface membrane. We reasoned that if the sole effect of WNK4 is to reduce trafficking of ENaC to the membrane, then the BFA-induced reduction in current will be the same in the presence or absence of WNK4. On the other hand, if WNK4 increases the rate of ENaC retrieval, then the rate at which ENaC current decreases after BFA will be greater in WNK4-treated cells. We measured BFA-induced reduction in amiloride-sensitive, transepithelial current at 4 days after cell confluency in control and WNK4 transfected cells to compare whether WNK4 increases the rate of retrieval (Fig. 5A) . After 3 h of BFA treatment (1 M), the relative current of both control and WNK4-expressing cells decreased substantially, but this decrease was greater in WNK4-expressing cells. However, the relative current of both groups was restored to the initial level after BFA was washed off (indicated by the arrows in the figure). When we fit the decrease in current of the control and WNK4-expressing cells, a single decreasing exponential function gives time constants of 345 Ϯ 47.6 and 145 Ϯ 19.5 min, respectively (Fig. 5B) .
Since ENaC internalization from the apical membrane is normally mediated via Nedd4-2-induced ubiquitination and subsequent retrieval, we compared the effect of expression of WNK4 or Nedd4-2 on ENaC retrieval in response to FSK. FSK is commonly used to raise the level of cellular cyclic AMP, which reversibly stimulates insertion of intracellular ENaCcontaining vesicles into the apical membrane of distal nephron cells from a subapical recycling pool (4). Ordinarily, a significant fraction of ENaC that is retrieved from the surface membrane is returned to this pool while the remainder enters a degradative pathway. Overexpression of Nedd4-2 diverts more retrieved ENaC to degradation so that the amount of ENaC in the recycling pool is reduced; therefore, when FSK is applied, there is less ENaC to enter the apical membrane. We compared control A6 cells and A6 cells transfected for 2 days with either WNK4 or Nedd4-2 after which we treated the cells with 5 M FSK. Figure 5C shows that overexpression of Nedd4-2 dramatically reduces the transepithelial current compared with control cells presumably by reducing the amount of ENaC available to recycle back to the apical membrane. FSK potentiates the transepithelial current of control and Nedd4-2-expressing A6 cells from 9.3 Ϯ 1.5 to 52.7 Ϯ 1.1 A/cm 2 (a 5.7 Ϯ 0.92-fold increase) and 1.7 Ϯ 0.3 to 8.4 Ϯ 0.7 A/cm 2 (a 4.9 Ϯ 0.96-fold increase), respectively. The best fit for the current increase in the control and Nedd4-2-expressing cells shows that the t 1/2 of current in Nedd4-2-expressing cells is ϳ9 min, which is much slower than that of control cells (5 min). The same experiment was performed with WNK4-expressing cells (Fig. 5D) . FSK-stimulated insertion has been reduced. In spite of a reduction in current, the time courses (t 1/2 ) of the increase in transepithelial current in WNK4-expressing cells vs. control are similar (ϳ4 min each), implying that WNK4 affects the pool of ENaC available for FSK-stimulated insertion but does not affect the rate at which FSK promotes insertion. Similarly, the rate of recovery (i.e., internalization) after FSK washout is similar in both groups of cells (t 1/2 is ϳ6 min), implying that the mechanism for ENaC internalization from the apical membrane has also not changed (Fig. 5E) . The above results imply that Nedd4-2 and WNK4 both reduce the amount of ENaC at the surface membrane, but the mechanism by which each molecule reduces surface membrane ENaC appears to be different.
Inhibitory effects of WNK4 on ENaC activity is much smaller than the effect of Nedd4-2.
To determine whether WNK4 produces its inhibitory effect independent of the Nedd4-2-mediated increase in ENaC retrieval, we examined the combined effect of WNK4 and Nedd4-2 on ENaC activity using single channel recording. In these studies, WNK4 was expressed in a bicistronic vector, pIRES-GFP, as described above, while Nedd4-2 was expressed in a bicistronic vector pIRES-RED, which expresses dsRed monomer in the same cells as Nedd4-2. Patch-clamp recordings were obtained from cells expressing ds-Red (and Nedd4-2 expression) or expressing both ds-Red and GFP (both Nedd4-2 and WNK4 expression); meanwhile, a set of control cells expressing empty vectors was recorded from in parallel. Our single channel recordings show that NP o of control is 0.5 Ϯ 0.18 (n ϭ 37), and NP o of Nedd4-2-expressing cells is 0.16 Ϯ 0.07 (n ϭ 38). As expected, the channel activity is reduced significantly in Nedd4-2-expressing cells (P Ͻ 0.01); however, coexpression of WNK4 produces no additional inhibition, and NP o of cells expressing both genes is 0.2 Ϯ 0.06 (n ϭ 37; Fig. 6A ). The effects of Nedd4-2 or Nedd4-2 and WNK4 on channel P o and N were further compared by determining N and P o of these cells. P o of Nedd4-2 or Nedd4-2 and WNK4 coexpressing cells is similar to that of control, both around 0.1 Ϯ 0.02. As anticipated Nedd4-2 significantly reduced the average channel density, N, from a control value of 2.57 Ϯ 0.4 to 1.13 Ϯ 0.29 (P Ͻ 0.01) in each patch; again, the value for N when Nedd4-2 and WNK4 are coexpressed together is 1.4 Ϯ 0.22 implying no further inhibition of channel N by WNK4 compared with expressing Nedd4-2 alone (Fig. 6B) .
WNK4 inhibits ENaC independently of Nedd4-2.
The lack of an additive effect of WNK4 and Nedd4-2 on ENaC regulation does not provide a clear indication of whether WNK4 inhibition of ENaC is dependent on Nedd4-2. The results of coexpression could be due either to WNK4 and Nedd4-2 coordinately regulating ENaC, or Nedd4-2-dependent ENaC retrieval could be so large that WNK4 cannot produce a significant additional increase in retrieval, implying that the WNK4 and Nedd4-2 effects could still be independent. To further explore the relationship between WNK4 and Nedd4-2 in regulating ENaC, we next examined the physical association of these two proteins. We coexpressed myc-tagged WNK4 and Nedd4-2 in HEK 293 cells, and then both proteins were detected in Western blots by anti-myc or anti-Nedd4-2 antibodies, respectively (Fig. 7A, top) . However, anti-myc antibody does not immunoprecipitate Nedd4-2, and Nedd4-2 antibody does not precipitate WNK4. In contrast, a known WNK4-interacting protein, the big potassium channel (BK or Maxi-K; Ref. 60) , is precipitated with WNK4 (Fig. 7A, bottom) . Thus Nedd4-2 and WNK4 do not appear to directly interact. Second, we examined the physical association of WNK4 and ENaC. Since all of our ENaC functional measurements were performed on A6 cells, we first examined the association between Xenopus ENaC and WNK4. All three xENaC subunits and myc-tagged WNK4 were coexpressed in HEK 293 cells. Two days after gene expression, anti-myc antibody was used to precipitate WNK4. In the Western blot of the immunoprecipitate, all three xENaC subunits were detected by specific antibodies (Fig. 7B) showing that WNK4 appears to directly interact with ENaC. Nedd4-2 promotes ENaC retrieval by promoting ENaC ubiquitination and endocytosis. WNK4 could promote ENaC retrieval by augmenting Nedd4-2 ubiquitination in a manner similar to that of ERK1/2 stimulation of Nedd4-2 ubiquitination (32) . If this were the mechanism for WNK4 action, then in the absence of the Nedd4-2 ubiquitinat site WNK4 would no longer have an effect on ENaC retrieval. Therefore, to determine whether WNK4 inhibits ENaC independent of Nedd4-2-mediated ENaC ubiquitination, we examined the association of WNK4 with human wild-type and Liddle's mutated ENaC in which the PPxY motif of Nedd4-2 binding site was altered to ␣ Y644A , ␤ Y620A , and ␥ Y627A . Human ENaC gene constructs were kind gift from Dr. Peter M. Snyder at the University of Iowa (59) . Taking advantage of 3Xflag-tagged vector for our protein biochemistry assay, we cloned wild-type and mutated ␣-, ␤-, and ␥-ENaC subunits into this vector and used anti-flag antibody to precipitate ENaC followed by using anti-myc antibody to detect WNK4. Figure 7C shows that both wild-type and the PPxY-deficient ENaC associate with WNK4. This result shows that WNK4 and ENaC association is independent of Nedd4-2-mediated ENaC ubiquitination. We also examined whether WNK4 is still capable of inhibiting Liddle's mutated ENaC expression. We expressed wild-type or Liddle's mutated ENaC in which the ␤-ENaC subunit was tagged with 3Xflag in HEK293 cells with or without WNK4. Western blots of ␤-ENaC detected in total cellular protein are shown in Fig. 8A . With equal amounts of transfected DNA, the expression of Liddle's mutated ENaC is, as expected, much higher than wild-type ENaC, but in five repetitions, WNK4 reduced both wild-type and mutated ENaC in similar proportion. WNK4 inhibition of ␣-and ␥-subunits of Liddle's mutated ENaC was also examined. Densitometric quantification of four independent experiments shows that expression of WNK4 reduces the expression of each ENaC subunit to Ͻ60% of the respective control without coexpression of WNK4 (indicated by a dashed line in Fig. 8B ). Since WNK4 has been reported to stimulate amiloride-sensitive sodium current when it was coexpressed with ENaC in HEK 293 cells (24), we wondered whether WNK4 regulation of ENaC surface expression in HEK cells is different from the regulation in A6 cells. Therefore, we expressed WNK4 and Liddle's mutated ENaC in which the ␣-subunit was fused with a 3Xflag tag in HEK cells. We biotinylated the surface membranes of these cells and found that expression of WNK4 reduces the amount of ␣-ENaC at the plasma membrane. The extent of WNK4 inhibition of ␣-ENaC surface expression is shown in Fig. 8, C and D. This result shows that WNK4 inhibits ENaC in HEK cells as well as in A6 cells and that this inhibition is independent of Nedd4-2-mediated ENaC ubiquitination.
DISCUSSION
Both WNK4 and ENaC play important roles in regulating Na ϩ reabsorption in the distal nephron, so it should not be surprising that WNK4 can alter ENaC activity. However, reports describing WNK4 regulation of ENaC are inconsistent with one report suggesting WNK4 inhibition of ENaC and another suggesting excitation (24, 45, 46) . In this study, we show that endogenous ENaC single channel activity and amiloride-sensitive transepithelial current are reduced by WNK4. By using single channel recording we could unequivocally identify the channels in each patch as the highly selective, 5-pS ENaC channels consisting of the three ␣-, ␤-, and ␥-subunits (6) . By comparing average channel number within a patch from control and WNK4-expressing cells, we showed that WNK4 reduces the average number of functional ENaC in the apical membrane of A6 cells. We further determined from Western blots and cell surface biotinylation that the effect of WNK4 was to reduce both apical membrane ENaC expression and total cellular ENaC expression. Furthermore, when we coexpressed wild-type or Liddle's mutated ENaC (␣ Y644A , ␤ Y620A , and ␥ Y627A ) with WNK4 in HEK293 cells, our Western blot quantification shows again that WNK4 reduces both total and apically expressed wild-type and Liddle's mutated ENaC. Our results are consistent with the results of Gamba and (20, 35) . In fact, in the many single channel recordings made by us from ENaC-expressing HEK293 cells, we only observe a 23-pS nonselective cation channel rather than the 4-to 5-pS conductance channel typical of heterotrimeric ENaC, implying that the cells express some other type of channel rather than traditional ENaC channels. In fact, as we have previously shown, the regulation of the highly selective, 5-pS channel and the higher conductance nonselective cation channel is quite different with some stimuli stimulating the nonselective channel while inhibiting the selective channel (10) . Second, in the whole cell recordings of Heise et al. (24) , cells are dialyzed with pipette solution, which may change the context of WNK4 signaling and therefore change the effects of WNK4. Three functionally distinct WNK4 variants have been identified including wild type, PHA2 mutants, and the SGK1 phosphorylated forms. Different forms of WNK4 exert different effects on Na and K transporters in the distal nephron, and therefore, WNK4 has been described as a molecular switch to regulate salt balance under different physiological demands (30, 52) . For example, WNK4 was initially discovered based on the ability of WNK4 to inhibit NCC activity by reducing NCC surface expression (5, 55, 56) . However, recent results demonstrate that in the presence of SGK1 and in the context of angiotensin II receptor (AT 1 R) activation, WNK4 phosphorylates a second kinase, SPAK, a Ste20-related upstream MAP kinase, which in turn phosphorylates and enhances NCC activity (48) . Third, in our experiments, we included 4 M of amiloride in HEK 293 cell culture medium after ENaC transfection to prevent excessive Na ϩ uptake in transfected cells unlike in the experiments of Heise et al (24) . The volumesensitive kinases OSR1/SPAK are regulated by WNK4 (1, 18) , and different cell culture conditions may contribute to the differences in the observations. Regardless, our results are from native cells expressing endogenous ENaC. Therefore, we believe that our results probably may more accurately reflect renal regulation of ENaC by WNK4.
We have also investigated the mechanism by which WNK4 regulates ENaC. ENaC is a constitutive active channel whose activity is regulated by channel trafficking. The ubiquitin ligase Nedd4-2 is a major modulator that stimulates ENaC internalization. It has been suggested that WNK4 inhibition of ENaC is dependent on Nedd4-2-mediated ENaC ubiquitination because WNK4 no longer inhibits ENaC when the C-terminal tails of ␤-and ␥-ENaC are truncated (45) . However, truncation of the entire cytosolic domains of ␤-and ␥-ENaC, besides removing the Nedd4-2 binding motif, also removes several kinase phosphorylation sites and clathrin adaptor binding motifs, and these motifs could be sites for WNK4-mediated ENaC regulation. Therefore, the question remains of whether WNK4 inhibition of ENaC is dependent on Nedd4-2. We attempted to answer this question in several ways. First, we compared the effect of Nedd4-2 and Nedd4-2 plus WNK4 on ENaC single channel activity, and we found that there was no additional WNK4 inhibition after initial Nedd4-2 inhibition of ENaC. This result might imply that WNK4-mediated inhibition of ENaC depends on Nedd4-2 function; however, it is also possible that the Nedd4-2 inhibition is so strong (see Fig. 6 , A and B, and the 1st point in Fig. 5C ) that it masks an independent effect of WNK4. On the other hand, WNK4 has no effect while Nedd4-2 significantly impairs the rate of accumulation (t 1/2 ) of functional ENaC after FSK treatment. FSK is generally felt to promote movement of ENaC from a subapical recycling pool to the surface membrane. Nedd4-2 promotes movement, of retrieved ENaC into a degradative pathway rather than return of ENaC to a recycling pool, thus reducing the amount of ENaC available for insertion. Apparently WNK4 does not act in the same way. Third, Nedd4-2 and WNK4 are not associated with one another in the same protein complex, suggesting that WNK4 is unlikely to directly effect the ability of Nedd4-2 to ubiquitinate ENaC. Fourth, and the most convincing evidence, is that WNK4 not only associates with Liddle's ENaC with a single point mutation but also reduces the expression of mutated ENaC.
In this study, we have compared ENaC recycling in WNK4-and Nedd4-2-expressing cells. We found that WNK4 reduced the ENaC recycling pool but had no effect on the time course of ENaC recycling between early endosome and apical membrane. The t 1/2 of ENaC exocytosis is ϳ4 min in both control and WNK4-expressing cells after FSK treatment, which is consistent with the t 1/2 (4.5 min) of ENaC exocytosis from early endosomes to the apical membrane of CCD cells (4) . A similar value for the t 1/2 of the decrease in current in WNK4 and control cells also implies that WNK4 has no effect on the rapid retrieval of ENaC from the apical membrane. In contrast to WNK4-expressing cells, the t 1/2 of the decrease in current of Nedd4-2-expressing cells is much slower (ϳ9 min) implying that ENaC from deeper within cells in sorting vesicles or late endosomes is also sensitive to PKA regulation. Our results are consistent with observations that Nedd4-2 reduces ENaC surface expression by two distinct mechanisms, one which enhances ENaC retrieval from the cell surface and the other which enhances ENaC delivery to lysosomes for degradation. Both steps are sensitive to PKA or SGK1 phosphorylation (28, 58) . Therefore, the slow exocytosis of ENaC in response to FSK in Nedd4-2-expressing A6 cells could be due to a FSKinduced reduction in the Nedd4-2-mediated ENaC from sorting endosomes or late endosomes.
We have also explored how WNK4 affects ENaC trafficking. Compared with untransfected cells, WNK4 transfection accelerates the BFA-induced decrease of transepithelial cur-rent, which suggests that WNK4 enhances ENaC internalization and retrograde trafficking (Fig. 5A) . However, we cannot exclude the possibility that WNK4 promotes ENaC degradation from the interior of the cell. We found that only 2% of Liddle's ENaC is located at the surface of HEK cell (data not shown), while most ENaC is degraded without trafficking to the cell surface. Cotransfection of WNK4 into HEK cells reduces the level of Liddle's ENaC expression to ϳ50% that of cells without WNK4 expression (Fig. 8, B and D) , implying that it may also enhance ENaC degradation from intracellular pools.
